Band gap of monolayer and few layers in two dimensional (2D) semiconductors has usually been measured by optical probing such as photoluminescence (PL). However, if their exfoliated thickness is as large as a few nm (multilayer over ~5L), PL measurements become less effective and inaccurate because the optical transition of 2D semiconductor is changed from direct to indirect mode. Here, we introduce another way to estimate the bandgap of multilayer 2D van der Waals semiconductors; that is utilizing field effect transistor (FET) as a platform. We used graphene (thin graphite or multilayer graphene) contact for multilayer van der Waals channels in FET, because graphene contact would secure ambipolar behavior and enable Schottky contact barrier tuning of FETs with the assistance of top passivation. As 페이지 | 2 a result, the bandgaps of multilayer transition metal dichalcogenides and black phosphorus in unknown thickness were successfully estimated through measuring the temperaturedependent transfer curve characteristics of prepared 2D FETs with graphene contact.
INTRODUCTION
Two dimensional (2D) van der Waals semiconductors have been extensively studied for the last decade, regarded as one of the most important breakthrough materials toward future device technologies. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Many of transition metal dichalcogenides (TMDs) and black phosphorus (BP) would be the representatives of the 2D van der Waals semiconductors, which are mechanically exfoliated to be monolayer (1L), bilayer (2L), and even multilayer. [12] [13] [14] [15] [16] [17] [18] Band gap of monolayer and few layer in 2D semiconductors has been reported, measured by optical probing such as photoluminescence (PL). [18] [19] [20] [21] However, if their exfoliated thickness is as large as a few nm (multilayer over 5L), PL measurements become less effective and inaccurate because the optical transition of 2D semiconductor is changed from direct to indirect mode. 22, 23 At the moment, the energy band gap also becomes smaller with the semiconductor thickness. 23, 24 Since the practical measurement of thick multilayer 2D semiconductor band gap is not easy, density function theory (DFT)-based calculations have been a main method to estimate the bandgap in general although somewhat special techniques using scan tunneling microscopy, absorption/reflectance spectroscopy using an optical microscope, and ion gel-gated FETs. [25] [26] [27] [28] [29] [30] [31] [32] [33] Here, we introduce another way to measure the bandgap of multilayer 2D semiconductors; that is also utilizing field effect transistor (FET) as a platform, which is but different from ion gel-gating. Our method is for transport gap which is more practical than optical one. We have fabricated multilayer 2D channel FETs with graphene (thin graphite) contact and top passivation for the present study, because graphene contact would secure ambipolar behavior and enable Schottky contact barrier tuning of FETs with the assistance of top passivation. [34] [35] [36] Bandgap could be estimated by achieving temperature-dependent transfer curve characteristics of prepared 2D FETs with graphene contact. (Here, we used to call "graphene" but in fact regard it as thin graphite).
Although our method would effectively work for ambipolar 2D channel FETs, it is regarded
that it is particularly useful for relatively low band gap materials such as black phosphorous (BP) and MoTe2 37, 38 , of which the band gap estimation appears difficult depending on their thickness. Figure 1a~c shows the schematic band diagrams of FET channel with graphene contact under a negative drain/source voltage (VDS). When gate voltage is negative, the diagram should be described as Figure 1a showing p-type hole conduction, while positive gate voltage changes the diagram to be like Figure 1c , n-type conduction. On the one hand, if the gate voltage is somewhere between two states to lead Fermi energy to the intrinsic level, intrinsic or highest Schottky barrier can be achieved as indicated in Figure 1b . Here, it is worth to note that the Fermi levels of graphene S/D and 2D TMD channel are always aligned at their van der Waals interface contact in thermal equilibrium, which means that the two Fermi energy (EF) levels of graphite and channel in contact must be always the same at a certain temperature. 36 So, in our top contact FET, gate voltage will modulate the EF of 2D channel first, which then causes to modulate graphite's EF; 2D channel and thin graphite are in contact. In principle, the highest barrier should be a half of real bandgap if it can be experimentally obtained. As a matter of fact, the value of Schottky barrier, qФB between multilayer 2D channel and graphene is electric (E) field-dependent and also temperature-dependent. 39, 40 Those two factor dependencies are simultaneously expressed by temperature-dependent transfer characteristics (drain current-gate voltage: ID-VGS), so that the bandgap of 2D channel may finally be extracted. In the present study, we initially took thin and thick WSe2 channel layers as multilayer 2D semiconductor materials for the bandgap measurements in FET platform while thin MoTe2 and BP channels were also probed later. As a result, we achieved very reasonable values from the measurements, and regard that our measurement method is both novel and practical as an important scientific tool to probe the bandgap estimation of multilayer indirect ambipolar 2D semiconductors, since PL or other 페이지 | 6 optical transition measurements might not easily carry out. We found this band gap estimation as only a piece of dual gated MoTe2 device study, but the method seems to deserve consideration as a general principle of band gap measurement. 41 An optical microscopy image in Figure 2a and output (drain current-drain voltage: ID-VDS) characteristics of WSe2 FET1, respectively. According to the transfer characteristics, the WSe2 FET1 is an ambipolar device with a negative gate voltage of ~-2.5 V as its channel type transition point. The VGS points at ①, ②, and ③ are corresponding to the situations of Figure 1a , b, and c, respectively. Output curves also display ambipolar ID behavior of decrease and reincrease at VDS= -1 V when VGS increases from -10 to +10 V. Gate leakage current, IG was very low below ~pA. Figure 2d shows temperature-dependent transfer curves of WSe2 FET1 as obtained at several elevated temperatures for Schottky barrier extraction. 39, 40, 42 Using the following equation and transfer characteristics of Figure   2d , the plots of Figure 2e are constructed for each VGS condition.
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RESULTS AND DISCUSSION
, where VDS is -1 V we use, A* is Richardson's constant, k is Boltzmann constant, T is temperature (Kelvin) and we use T 2 instead of T 1 or T 3/2 because our flake is not a perfect atomistic 2D but ~10L-thick materials. 40, 42, 43 qФB is Schottky barrier height. We can extract out the VGS-dependent barrier heights which are the slopes of ln(IDS/T 2 ) vs. 1/kT plots at the individual VGS. Schottky barrier height is varied according to VGS as previously explained in and b for more details on the PL and Raman spectra of all our WSe2 samples). 19, 23, 44, 45 Since we regarded our bandgap estimation results reasonable, we probed other 2D materials for their bandgaps: a few nm-thin MoTe2 and BP. Figure 4a shows OM image of MoTe2 channel FET with graphene and h-BN (also see the inset of Figure 4d for device cross section). Transfer and output curve characteristics of Supporting Information Figure S3 where the maximum height appears to be ~0.46 eV. The result indicates that the bandgap of MoTe2 channel would be 0.92 eV although its exact thickness was unknown yet. We did not measure the thickness by AFM for this case, but instead attempted Raman probing on the MoTe2 FET for more exact layer thickness.
According to the low frequency Raman spectra of Figure 4e , we could precisely estimate the layer number or thickness of our MoTe2 channel in FET, to be 9 layer (~6 nm) although typical high frequency spectra would not be much help (inset). Compared with the low frequency spectra from 2, 4, and 7 layer (L) flakes (Figure 4e ), that of our 9L-thin MoTe2 channel appears clearly distinguishable in respect of shear and breathing modes. 46 In fact, our estimated band gap seems like quite a reasonable value (0.92 eV) for 9L MoTe2, according to literature. 18, 22 In order to support our band gap results in 9L MoTe2, we conducted the same experiment with another MoTe2 layer which is as thin as ~4L (confirmed by low frequency Raman spectroscopy), since the PL results of such thin MoTe2 (1L~4L) were reported to provide approximate band gap information. 18, 22 According to the transfer curve characteristics in Figure 4f , the 4L-thin MoTe2 FET shows quite strong p-type and weak n-type conduction. Resultant plot for maximum Schottky barrier in Figure 4g presents 0.55 eV, suggesting the transport band gap of 4L MoTe2 to be ~1.1 eV. This value appears 페이지 | 9 slightly higher than expected and reported PL results. 18, 22 Using the 4L-thin ambipolar MoTe2 FET, we again extracted the Schottky barriers for electrons (n-type channel in MoTe2 FET) at VDS = 1 V (see the band diagrams in Supporting Information, Figure S4 ). According to Supporting Information, Figure S5 , we can see that the maximum Schottky barrier heights are almost the same for both n-and p-channels (0.53 and 0.55 eV, respectively). These results again confirm that our band gap estimation method is reliable.
Thin BP channel was also taken for our bandgap measurements as shown in Figure 5a for its device image. In this case we could measure the channel thickness by AFM scan even after top passivation because conformal atomic layer deposition (ALD) Al2O3 was known to be an effective oxidation protector for BP, and ambipolar behavior-propeller as well. 47 The effective thickness of BP channel was thus measured, to be ~6 nm in Figure 5b where Raman spectra of our BP channel is also shown as inset. The maximum Schottky barrier height is extracted to be 0.21 eV from the plots of Figure 5c Figure S6 .) So, the bandgap of the present BP channel is determined to be 0.42 eV, which is quite comparable to the value in literature. 11 Our results on the BP band gap would not be changed by any doping in the material, however, if any type of surface oxidation was developed and changed/decreased the effective thickness of BP channel, our results might show a little higher band gap than expected. 37 Table 1 summarizes the bandgap values of the three 2D materials, which are dependent on thickness as cited from literature. According to the table, our measurements seem reasonable in respects of all the values of 2D channels we used for FETs.
As our last analysis to reconfirm our results, we also attempted output curve analysis [50] to estimate maximum qФB and band gap (Eg) based on Eq. (1), where VDS is now forward bias, T is fixed as 300 K, and A* is defined by effective mass of charge. As the analysis details are found in Figure S7 , qФB results surprisingly display that peak qФB exists for 페이지 | 10 graphite/WSe2 and graphite/MoTe2 Schottky junctions. The values appear to be 0.62 and 0.51 eV, which are quite consistent with results of Figure 2f and 4d.
In summary, we conducted the bandgap measurements of multilayer van der Waals semiconductor channels: WSe2, MoTe2, and BP in FET. Since those multilayer channels show ambipolar behavior with graphene contact which is able to tune Schottky barrier, their maximum Schottky barrier height is estimated through temperature-dependent transfer curve characteristics. The maximum Schottky barrier between multilayer channel and graphene is extracted near a VGS point where minimum ID is obtained. At the point, Fermi energy of each channel is at its intrinsic level, and the band gap is achieved as twice of Schottky barrier height. Our bandgap values from WSe2 FET1, WSe2 FET2, 4L-MoTe2 FET, 9L-MoTe2 FET, and BP FET were 1.16, 1.44, 1.1, 0.92, and 0.42 eV, respectively. The channel thickness or layer numbers were measured by AFM or low frequency Raman spectroscopy. The values from WSe2 FETs were compared with those of PL measurements, and the results from two different measurements were found compatible. According to literature, our values are also regarded quite reasonable. We conclude that our bandgap measurement method is both novel and practical as an important scientific tool to probe the bandgap estimation of multilayer indirect 2D semiconductors. 
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METHODS
Ambipolar FET device fabrication
Glass substrate was cleaned with acetone and ethanol using ultrasonicator. A 50 nm- 
